Introduction
The incidence of childhood type 1 diabetes is increasing worldwide. 1 A recent report from Finland, which has the highest incidence in the world, 1 suggested that the incidence is also increasing faster than before. 2 In Sweden, which is second to Finland in type 1 diabetes incidence worldwide, the incidence has nearly doubled from 23 in 1983 to 40/100 000 per year in 2000. 3, 4 Although the etiology of type 1 diabetes remains to be determined, the pathogenesis of the disease is strongly associated with islet autoimmunity. More than 90% of children with newly diagnosed type 1 diabetes have at least one autoantibody against either glutamic acid decarboxylase (GAD65), insulin, insulinoma antigen-2 (IA-2) or the three variants of the Zn transporter-8. [5] [6] [7] The human leukocyte antigen (HLA) class II region on the short arm of chromosome 6 confers approximately half of the genetic risk of type 1 diabetes. 5, 8 The simultaneous presence of both the HLA-DQ A1*05:01-B1*02:01 and the A1*03:01-B1*03:02 haplotype represents the highest risk genotype. 5 Several recent studies show that there has been a decrease over time in the proportion of the high risk genotype, with an increase in low-to-moderate HLA risk genotypes among type 1 diabetes patients in the United Kingdom, 9 Finland, 10 Colorado, 11 Australia 12 and in Sweden. 13 These observations suggest that a possible increase in environmental exposures may have contributed to an increase in type 1 diabetes among lower risk HLA genotype children, who in the past would not have developed type 1 diabetes.
Several environmental factors have been implicated in the etiology and pathogenesis of islet autoimmunity and type 1 diabetes. 7 Secular trends in increased body mass index (BMI) and sedentary life style have been thought to contribute. 10, 14 Rapid gain in weight has been associated with an increased type 1 diabetes incidence, 15, 16 and others have suggested that obesity, 17 insulin resistance or both may be risk factors for type 1 diabetes. 16, 18, 19 The national population-based Better Diabetes Diagnosis (BDD) study prospectively ascertain nearly all newly diagnosed diabetes patients from Sweden younger than 18 years of age. 20 We tested whether there was any association between HLA-DQ genotype and an increase in BMI, which could contribute to the increase in type 1 diabetes risk. Our hypothesis was that type 1 diabetes HLA-DQ risk genotypes may be associated with an increased body BMI.
Subjects and Methods

Subjects
All children in Sweden below the age of 18 years with newly diagnosed diabetes are referred to and followed in a hospital clinic by a pediatric diabetes team.
In 2005, a prospective national initiative, the BDD study, was initiated to carefully monitor all children and adolescents with newly diagnosed diabetes for genetic risk and clinical phenotypes, including HLA genotypes, islet autoantibodies and BMI. 20 A total of 95% (40/42) pediatric clinics in Sweden participate in BDD.
All children in Sweden who develop diabetes are diagnosed according to the recommendations by the American Diabetes Association, 21 and are invited to participate in BDD.
Blood samples for HLA genotypes and islet autoantibodies were obtained at clinical onset of diabetes from a total of 2742 patients, recruited between May 2005 and September 2009. Patients classified with type 2 diabetes (n ¼ 43), Maturity Onset Diabetes of the Young (n ¼ 28), secondary diabetes (n ¼ 5) or yet unclassifiable diabetes (n ¼ 60) were excluded. In this study, a total of 2403 type 1 diabetes patients who also had at least one islet cell autoantibody (GAD65, IA-2 or insulin autoantibody) were included in the comparison of HLA genotypes with the general population. The male:female ratio was 1.22:1, and the mean age at onset was 9.8 (first quartile was 6.3 and third quartile 13.4) years of age.
In the BMI analysis, we included a total of 2294 islet autoantibody-positive type 1 diabetes patients with BMI measurements between 5 and 26 weeks after the clinical onset of diabetes. Children diagnosed with diabetes below 2 years of age (1.9%) were excluded from the analysis between HLA genotypes and BMI class, as comparison data for BMI are lacking in this age group; thus, a total of 2242 children were analyzed. For BMI standard deviation score correlation, a total of 2278 children were analyzed, as 16 individuals were lacking values, as they were older than 18 years at follow-up and the reference group did not contain individuals older than 18 years.
The Regional Ethics Board at the Karolinska Institute, Stockholm, Sweden approved the BDD study and informed consent was obtained from the parents to all children in the BDD study.
Healthy control population
The frequency of HLA genotypes in healthy control children in this study was obtained in the Diabetes Prediction Study in Skåne (DiPiS), a prospective population-based study in Skåne, the most southern province of Sweden with 1.2 million inhabitants. 15, 22, 23 Children were included in the DiPiS study between September 2000 and August 2004. At a total of 35 683 cord blood samples were obtained for HLA typing in the maternity clinics in Malmö, Lund, Helsingborg, Kristianstad and Ystad from 48 058 children born during this period.
HLA typing HLA-DQ types were determined as previously described. 15, 20, 22, 23 Briefly, blood was dropped onto Whatman filters to generate dried blood spots. The dried blood spot was used to obtain 3-mm punches, which were used directly for PCR amplification of DQA1 and DQB1 alleles as described. 24 Single-stranded DNA was hybridized with two sets of probes, the first containing Eu-DQB1*06:02/3, Sm-DQB1*06:03/4 and Tb-Control and the second containing Eu-DQB1*03:02, Sm-DQB1*03:01 and Tb-DQB1*02. Samples positive for DQB1*02 were further analyzed for DQA1*02:01 and 05 alleles to separate subjects with DR3 from DR7. HLA-DQA1 BMI in type 1 diabetes A Carlsson et al typing was performed with the same technique as for DQB1 typing with some modifications as described 24 with use of Sm-DQA1*05 and Tb-DQA1*02:01 probes.
Autoantibodies
Autoantibodies to GAD65, IA-2 and insulin were determined by first incubating labeled autoantigen in serum, and then separating antibody-bound labeled autoantigen from free labeled autoantigen by Sepharose-Protein A (Amersham Biosciences, Uppsala, Sweden), and the radioactivity was counted with a Beta Plate Reader (Perkin Elmer Life Sciences, Waltham, MA, USA) as described, 20, 22, 25 using the World Health Organization reference sample as standard. 26 The GAD65Ab and IA-2Ab assays showed mean inter-assay coefficients of variation of 14% and intra-assay of 8%. In the insulin autoantibody competing assay, 15, 20, 22 the interassay and intra-assay coefficient of variations were 7.2% and 6.8%, respectively. Samples above the 99th percentile were considered to have high levels. Our laboratory participates in the Diabetes Autoantibody Standardization Program, in 2009, showed the best IA-2Ab assay performance of all participating laboratories.
Body mass index
We used ISO-BMI (BMI adjusted to age as developed by IOTF (International Obesity Task Force) defined in Cole et al. 27 ) to classify the patients into normal weight, overweight or obese. BMI was determined when the diabetes had been stabilized, but not earlier than 5 weeks after onset; mean disease duration was 3 months (range 1-6 months). We excluded very young children below 2 years of age, as ISO-BMI classes were not available. The proportion of overweight or obese patients was compared with that in the general population (20%) in Sweden 28 using a two-tailed one sample test for proportion. Therefore, we used sex and age BMI standard deviation score expressed as standard deviations from the reference mean as described. 28 BMI standard deviation score was not available for 16 individuals who were older than 18 years at follow-up.
Statistical evaluation
Differences in frequencies between patients and controls were tested with standard Pearsons w 2 -test. A w 2 -test for trends in proportion of HLA genotypes between groups with increasing BMI was carried out using the proportion trend.test command in R (The R Foundation for Statistical Computing, http://www.r-project.org/foundation). Two-tailed one sample test for proportion was used to compare proportions of overweight and obese patients in different HLA groups with that in the general population. 29 The synergy index (SIM) was used to estimate the magnitude of association between environmental exposure (increased BMI) and HLA genotype. A deviation from unity was taken to imply deviation from a multiplicative model. 30 Results HLA association to antibody-positive type 1 diabetes Comparison of genotype frequencies between control children (DiPiS) and the BDD type 1 diabetes children revealed that six genotypes, all either containing the A1*X-B1*03:02 haplotype or A1*05:01-B1*02:01 haplotype or both, were positively associated with type 1 diabetes (Supplementary Table 1 ). A total of 19 different genotypes were significantly negatively associated with type 1 diabetes, all but one (A1*02:01-B1*02:01/A1*X-B1*05:01) carrying at least one of the A1*X-B1*06:02, A1*X-B1*06:03 or A1*X-B1*03:01 haplotypes ( Supplementary Table 1 ). Hence, most of the association to antibody-positive type 1 diabetes in the Swedish population can be summarized as a positive association to A1*X-B1*03:02 and A1*05:01-B1*02:01 and negative association to A1*X-B1*06:02, A1*X-B1*06:03 and A1X-B1*03:01 haplotypes. A1*X-B1*06:02 acts dominantly over both A1*X-B1*03:02 and A1*05:01-B1*02:01, whereas A1*X-B1*06:03 and A1*X-B1*03:01 acts dominantly over A1*05:01-B1*02:01. This lead us to grouping the genotypes into five groups shown in Figure 1 , which captures most of the HLA association to type 1 diabetes.
Change in BMI with HLA genotype among antibody-positive type 1 diabetes patients ISO-BMI was used to classify the patients into normal weight, overweight or obese. Three genotype (A1*05:01-B1*02:01/Z, remaining genotypes and A1*X-B1*03:01, Table 1 . GT, genotype.
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A Carlsson et al A1*X-B1*06:02 or A1*X-B1*06:03/Z) groups, all associated with moderate or low risk for type 1 diabetes, had increased proportion of antibody-positive type 1 diabetes patients who were overweight or obese compared with the general population (Po0.002, 0.04 and 0.03, respectively, Figure 2 ). Patients carrying the HLA genotypes associated with strongest risk for type 1 diabetes (A1*X-B1*03:02/A1*05:01-B1*02:01; and A1*X-B1*03:02/Z) did not have increased proportion of overweight (P40.05) or obesity (P40.05). Interestingly, the increased proportion of overweight and obese type 1 diabetes children among A1:05:01-B1*02:01/Z carriers was most pronounced among 5-9 year olds (Po0.0005, Figure 3 ). In contrast, among patients belonging to the A1*X-B1*03:01, A1*X-B1*06:02 or A1*X-B1*06:03/Z HLA group, the increased proportion of overweight (Po0.05) was mainly observed among young teenagers (10-14 year olds, Figure 3 ). In this genotype group, there is also a gradual increase in BMI with increasing age at onset as evaluated in a test for trend (Po0.04).
There was an increase in the frequency of the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype with increasing BMI among the antibody-positive type 1 diabetes-positive patients (Po0.003, Figure 4) , whereas a slight decrease in the frequency of the A1*X-B1*03:02/A1*05:01-B1*02:01 or A1*X-B1*03:02/Z genotypes was observed with increasing BMI (Po0.004, Figure 4 ). The other genotype groups did not show any significant change in frequency with increasing BMI (data not shown). Further, there was a correlation between BMI standard deviation score and HLA genotype when they were ordered by the observed odds ratio for type 1 diabetes ( Figure 5 ).
We further assessed the magnitude of the association between ISO-BMI class and HLA genotypes in the risk for type 1 diabetes. This analysis was carried out in a case-only setting as described, 30 as we did not have BMI data from controls matched for age and gender. The DiPiS controls were newborns. On the multiplicative scale, the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype was associated with ISO-BMI class overweight or obese (SIM ¼ 1.83; Po0.006, Table 1 ). The magnitude of the association on the multiplicative scale between normal weight and the presence of the A1*03:01-B1*03:02 haplotype was also significant (SIM ¼ 1.37; Po0.005, Table 1 ).
Discussion
The first unexpected and novel finding in the present nationwide study of a large cohort of newly diagnosed type 1 diabetes children was an increased proportion of overweight or obese patients among carriers of HLA genotypes associated Figure 2 Proportion of overweight or obese islet autoantibody-positive type 1 diabetes patients by HLA genotype. A total of 2183 patients were available to be classified with normal weight, overweight and obese using ISO-BMI determined after stabilization of diabetes. X ¼ DQA alleles that have not been genotyped, Z ¼ any DQA1-DQB1 haplotype, for further details see Table 1 . GT, genotype. *Po0.05, **Po0.002. A test for trend was carried out for each of the genotype groups. X ¼ DQA alleles that have not been genotyped, Z ¼ any DQA1-DQB1 haplotype. Details are shown in Supplementary Table 1 .
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A Carlsson et al with lower risk for type 1 diabetes. The increased frequency of the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype with increasing BMI is of particular interest, as this genotype did not confer risk for type 1 diabetes in our nationwide investigation carried out more than 20 years ago. 5, 31, 32 The magnitude of the association on the multiplicative scale between the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype and increased BMI also support the notion that this particular HLA type may be sensitive to overweight and obesity to increase the risk for type 1 diabetes. We therefore suggest that overweight individuals with the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype may be more prone to develop type 1 diabetes than individuals with the same genotype who are not overweight. The second unexpected and novel finding was that we did not observe an increase in BMI in the subjects with high-risk HLA genotypes, including A1*05:01-B1*02:01/A1*03:01-B1*03:02 and A1*03:01-B1*03:02/Z. In fact, our data suggest that the frequency of these genotypes decrease with increasing BMI. The presence of the A1*03:01-B1*03:02 haplotype also showed an association with BMI on the multiplicative scale to increase type 1 diabetes susceptibility. We therefore speculate that children carrying the A1*03:01-B1*03:02 haplotype have a more aggressive disease process than carriers of the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype. The more aggressive disease process may lead to a more rapid loss of b cells and a decrease in insulin production, which would rather be consistent with the classic weight loss that is associated with the clinical onset of type 1 diabetes. Children with the type 1 diabetes high-risk A1*05:01-B1*02:01/A1*03:01-B1*03:02 genotype are more often diagnosed at a younger age, 5, 8, 33 As the incidence of type 1 diabetes has doubled the last 20 years, it is interesting to note that the A1*05:01-B1*02:01/ A1*05:01-B1*02:01 genotype was not a risk gene in our national study in 1986-1987 of children with new onset of diabetes, thus the frequency of this genotype was not reported in our publication. 31 The observed frequency among patients in the 1986-1987 study was 2.5%, whereas it has now increased to 4.8%, and is significantly associated with type 1 diabetes with an odds ratio of 2.8 (Supplementary Table 1 ). Our results in the present large Swedish cohort of type 1 diabetes children 20 thereby support the results of previous investigations in several countries that there has been a temporal change in the proportion of the different HLA types in the children who develop type 1 diabetes. [9] [10] [11] [12] [13] The temporal trend in HLA genotype risk, in combination with the increase in the absolute incidence, could be explained by an increasing environmental exposure affecting both children with high-risk HLA genotypes and, even more so, children with low risk HLA genotypes, who in the past would not have developed type 1 diabetes.
In Sweden, childhood obesity has increased compared with 20 years ago, and about 20% children are now overweight. 34 Our observation that the high-risk HLA genotype A1*05:01-B1*02:01/A1*03:01-B1*03:02 was not associated with an increased risk for elevated BMI is most likely because of the fact that children with this genotype tend to develop type 1 diabetes at a younger age. 33 Several investigators have reported that the increase in type 1 diabetes incidence rate may be correlated with an increase of overweight and obese children in the population. 14, 16, 18, 19 Our observation that a higher mean age standardized BMI BMI in type 1 diabetes A Carlsson et al was a significant risk factor for individuals with lower risk HLA genotypes suggests a hitherto unrecognized relationship between HLA, BMI and an increased risk for type 1 diabetes in the Swedish childhood population. Indeed, as shown in Figure 2 , the proportion of overweight patients were higher for HLA genotypes associate with lower risk of developing type 1 diabetes than for HLA genotypes associated with increased risk of developing type 1 diabetes.
There are several possible mechanisms to explain the increased risk of type 1 diabetes with increasing BMI in children with lower risk HLA genotypes. Fat cells secrete adipokines and cytokines, which may affect not only b-cell function, 35 but also either increase the risk for or accelerate islet autoimmunity by a direct effect of, for example, interleukin-6 on the function of autoimmunity suppressing T-regulatory cells. 36 Furthermore, overweight increases insulin resistance, and the combination between islet autoimmunity and a demand for more insulin with increasing BMI may lead to an exhaustion of b cells, particularly in this group of children with lower risk HLA genotypes.
A potential limitation in studies such as this is inclusion of overweight or obese children who may have type 2 diabetes. In this study from Sweden, 97% (n ¼ 2608) of the newly diagnosed children and adolescents with diabetes were clinically classified as type 1 diabetes and 92% (n ¼ 2403) of the type 1 diabetes patients have islet autoantibodies. We have only included clinically classified type 1 diabetes patients positive at the time of diagnosis for one or several islet autoantibodies. Patients classified with type 2 diabetes (n ¼ 43) were excluded. The present results are therefore not likely to be explained by an admixture of patients with type 2 diabetes, as type 2 diabetes is by definition not associated with autoimmunity. 21 The test the magnitude of association between BMI and HLA genotypes was carried out in a case-only setting, as we did not have BMI measurements for the control group. To be able to draw the conclusion that there is an interaction in such an analysis, one has to assume that among controls there is no correlation between BMI and HLA genotype. This seems a fair assumption. In an independent investigation in which both BMI and HLA DRB1 genotypes were available from 894 Swedish controls at the age of 20 years, 37 BMI did not differ between DR3-positive individuals (mean 20.8) and the DR3-negative individuals (mean 21.2), suggesting that DR3 and BMI do not correlate among controls. Another limitation with a case-only study design is that it is only possible to test for interaction on the multiplicative scale and not on the additive scale. There is intense debate currently regarding on which scale is best to measure interaction in order to detect biological interaction, that is, genetics and environment. 38 The conclusion seems to be that interaction on both scales may indicate a biological interaction.
We conclude that the A1*05:01-B1*02:01/A1*05:01-B1*02:01 genotype is associated with an increased BMI in children with newly diagnosed type 1 diabetes. Individuals with this genotype have an increased risk for type 1 diabetes today compared with about 20 years ago. Our data suggest that overweight needs to be considered as a possible risk factor for type 1 diabetes in children who have HLA-DQ A1*05:01-B1*02:01 haplotype.
